CO2 injection and storage—Coupling pipeline network, wellbore, and reservoir models  by Senel, Ozgur & Harichandran, Arutchelvi
    
 
Energy 
Procedia 
 
Energy  Procedia  00 (2010) 000–000 
www.elsevier.com/locate/XXX 
 
* Tel.: +1-281-340-8575 
E-mail address: aharicha@slb.com. 
 
GHGT-10 
CO2 injection and storage—coupling pipeline network, 
 wellbore, and reservoir models 
Ozgur Senel, Arutchelvi Harichandran* 
Schlumberger Carbon Services, 14090 SW Freeway, Suite 300, Sugar Land, TX, 77478 USA 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
The underground storage of carbon dioxide (CO2) requires building, sizing, and coupling the reservoir and distribution network 
(pipelines and wells) models. Independent designs of the pipeline network, well, and reservoir models do not account for the 
effects one system has on the others. Coupling the different models is necessary to effectively design the full system. 
   
This paper discusses a methodology of jointly optimizing the pipeline network, well, and storage systems. This method uses 
simple and fast models instead of fully coupled, complex, and integrated models. It is thus applicable in the early phases of 
projects, when system parameters are not fully characterized (i.e., for scenario building and sensitivity analysis).  
 
Two different projects are examined: a single well with a short pipeline and multiple wells with a long pipeline. These cases can 
be adapted to offshore or onshore conditions. Although vertical wells were considered for this study, the same methodology can 
be easily extended to deviated and horizontal wells. 
 
Depending on conditions, the constraints that will dominate the full system may come from either the reservoir model or the 
pipeline network and well models. 
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1. Introduction 
Traditionally, during the early stages of projects, reservoir models are used to evaluate reservoir storage capacity 
and plume characteristics, but the distribution networks are not taken into consideration. This may lead to under- or 
overestimated injectivity forecasts as a result of not taking the pressure interactions between the distribution network 
and the reservoir models into consideration [1]. To obtain realistic injection and storage forecasts, it is imperative to 
consider the models simultaneously.  
We propose a joint design approach for the distribution network and reservoir models. These models are built 
and optimized independently and subsequently coupled. This approach helps during the early stages of projects to 
approximate certain parameters such as number of wells, pipe and tubing configurations, and operating conditions. 
We present the application of this approach using two examples: a single well with a short pipeline and multiple 
wells with a long pipeline. 
2. Methodology 
The initial reservoir model is run for a single well with varying skins and injection intervals and constrained by 
the fracture pressure to identify the number of wells required, bottomhole pressures (BHPs), and injection rates per 
well. These outputs are also common to the distribution network model. The initial distribution network model is 
run by varying the pipeline and wellbore configurations and compressor pressures. Fracture and reservoir pressures 
are the constraints imposed in this model. Iterations between reservoir and well simulations are required to converge 
on a consistent number of wells. The iterations are driven by the number of wells, BHPs, and injection rates per 
well. The number of wells from both runs is compared. If the number from the reservoir model is larger, the number 
in the distribution network model is modified to match it and that model is rerun. The results of the modified 
distribution network model are fed into the reservoir simulation. However, if the number of wells from the reservoir 
model is the smaller of the two numbers, the number of wells in the reservoir model is increased to match that from 
the distribution network model, and the simulation is rerun. When the number of wells from both simulations is in 
agreement, the reservoir model is updated and rerun with the BHPs from the distribution network model.  
In summary, the outputs common to both models are compared, and one model is modified and rerun. The rerun 
outcomes are compared and the iterative process is repeated until the number of wells from both converges to a 
common solution (Figure1). 
 
  
 
 
Figure 1 Workflow for coupling distribution network and reservoir models. 
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3. Reservoir and distribution network models 
A single well with a short pipeline and multiple wells with a long pipeline were considered in the examples 
chosen to support this methodology. The main objectives and predefined system requirements for both cases are 
shown in Table 1. The reservoir and distribution network model parameters, sensitivities, and outputs for each case 
are summarized in Tables 2 and 3. 
 
Single-Well Model  Multiple-Well Model 
Objectives 
Identify the injection interval 
Provide a range of compressor 
pressures 
Identify number of wells 
Estimate tubing size 
Provide a range of compressor 
pressures 
Injection rate, tonnes/d 900 27,000 
Injection period, year 3 10 
Composition 100% CO2 100% CO2 
Pipeline length, mi 1 100 
Pipeline ID, in 6.065 24.12 
Tubing OD, in 4.5 N/A 
Max. compressor pressure, psia 2,100 3,500 
 
Table 1 Objectives and predefined system requirements. 
 
 
Reservoir Model Single Well Multiple Wells 
Parameters 
Model 2D 2D, 3D 
Formation top, ft 4,855 8,225 
Formation thickness, ft 1,500 400 
Number of cells 94 × 1 × 154 137 × 1 37 × 29 
Dx, Dy, ft 1–500 500 
Dz, ft 5–10 5–20 
Model size 3,000 ft 13 × 13 mi 
Datum depth, ft 5,500 8,400 
Pressure at datum, psia 2,200 3,100 
Temperature at datum, ˚F 110 135 
kv/kh 0.3 0.2 
Salinity, ppm 90,000–136,000 80,000 
Residual H2O and CO2 0.25 and 0.2 0.25 and 0.2 
Sensitivities 
Range of skin 0–10 0–10 
Range of BHP, psia 3,400–4,400 3,700–4,700 
Completion intervals, ft 20 and 60 N/A 
Outputs 
Injection rate profiles Injection rate profiles 
Number of wells 
 
Table 2 Reservoir model parameters, sensitivities, and outputs. 
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Distribution Network Model Single Well Multiple Wells 
Parameters 
Injection rate, tonnes/d 900 27,000 
Pipeline length, mi 1 100 
Pipeline ID, in 6.065 24.12 
Tubing OD, in 4.5 N/A 
Compressor temperatures, ˚F N/A 170 
Sensitivities 
Tubing OD, in N/A 4.5 and 5.5 
Compressor temperatures, ˚F 88, 95, 120 N/A 
Range of BHP, psia 3,400–4,400 3,700–4,700 
Outputs 
  
Compressor 
pressures 
Compressor 
pressures 
Wellhead pressures Injection rate/well 
 
Table 3 Distribution network model parameters, sensitivities, and outputs. 
4. Results and discussion 
4.1 Single well 
 
A set of injection rates vs. time was obtained from the reservoir simulations for the given sensitivity 
parameters (Table 2). Injection rate profiles were analyzed to establish the time required for the reservoir’s intake 
capacity to meet the injection rate. There were some scenarios in which the reservoir’s intake capacity could not 
meet the required injection rate. As seen in Table 4, if skin values are 10, a 20-ft perforation interval will not 
meet the daily injectivity requirements for a the BHP range of 3,400–3,800 psia. But for 0 skin and BHPs greater 
than 4,200 psia, the injectivity requirement will be met on the first day. For a 60-ft injection interval, the 
injectivity requirement will be met on the first day in the majority of cases for skin values smaller than 10 and 
BHPs greater than 3,600 psia. 
 
  20-ft Injection Interval 60-ft Injection Interval 
                      Skin    
BHP, psia 
0 5 10 0 5 10 
3,400 2 years Not met Not met 3 weeks 4 months 1.3 years 
3,600 2 months Not met Not met Met 1 week 1 month 
3,800 1 week 8 months Not met Met Met Met 
4,000 2 days 1 month 3 years Met Met Met 
4,200 Met 1 week 3 months Met Met Met 
4,300 Met 2 days 1 month Met Met Met 
4,400 Met 2 days 10 days Met Met Met 
 
Table 4 Time required for the reservoir’s intake capacity to meet the injection rate. 
 
A combination of compressor outlet and wellhead pressures was obtained from the distribution network 
model as a result of the permutations of a set of wellhead temperatures (WHTs), BHPs, and fixed injection rate 
(Table 5).  
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BHP, 
psia 
WHT,˚F WHT, ˚F 
88 95 120 88 95 120 
Wellhead Pressure 
Calculated, psia 
Compressor Pressure  
Calculated, psia 
3,400 1,200 1,295 1,529 1,206 1,302 1,542 
3,500 1,250 1,333 1,563 1,255 1,339 1,578 
3,600 1,300 1,378 1,598 1,305 1,384 1,610 
3,700 1,360 1,425 1,643 1,365 1,431 1,654 
3,800 1,425 1,480 1,689 1,430 1,486 1,699 
3,900 1,492 1,545 1,736 1,497 1,551 1,746 
4,000 1,565 1,611 1,793 1,570 1,617 1,802 
4,100 1,638 1,683 1,852 1,643 1,689 1,860 
4,200 1,714 1,756 1,915 1,719 1,761 1,923 
4,300 1,792 1,832 1,981 1,797 1,837 1,989 
4,400 1,872 1,909 2,050 1,877 1,914 2,058 
 
Table 5 Calculated compressor outlet and wellhead pressures for combinations of BHPs and WHTs. 
 
In the case of a 20-ft injection interval, injectivity requirements will not be met from day one for a skin 
greater than 0 (Table 4). According to the reservoir model, for 0 skin the minimum BHP required to meet the 
injection rate on the first day is 4,200 psia. For a BHP of 4,200 psia, the network model (compressor) must 
deliver values for compressor outlet and wellhead pressures from 1,719 to 1,923 psia and from 1,714 to 1,915 
psia, respectively (Table 5). 
   For the 60-ft injection interval, the minimum BHP required for injectivity is 3,600 psia for 0 skin, and the 
maximum BHP required is 3,800 psia (Table 4). Hence, for skins from 0 to 10, the BHP must be between 3,600 
and 3,800 psia (Table 4). This corresponds to compressor outlet and wellhead pressures between 1,305 and 1,699 
psia and 1,300 and 1,689 psia, respectively (Table 5). The 60-ft injection interval is therefore a more viable 
solution than the 20-ft injection interval, as 0 skin may not be achievable during the course of injection. 
In summary, to inject 900 tonnes/d of CO2 through a 60-ft interval with BHPs between 3,600 and 3,800 psia, 
wellhead temperature at 88 and 120˚F, and skin values from 0 and 10, the required compressor pressures are 
between 1,305 and 1,699 psia and the required wellhead pressures are between 1,300 and 1,689 psia. It is not 
possible to do the same with a 20-ft perforation interval. 
 
4.2 Multiple wells 
 
The minimum number of wells required to inject the given volume of CO2 as a function of skin and BHPs 
was estimated based on a single-well reservoir model (Table 6). This was calculated by dividing the daily 
required injection rate by the average injection rate of each case. This calculation ignores the interference effects 
between the wells but gives an initial estimate for the iterative process. 
 
              BHP, psia   
Skin              
3,700 3,900 4,100 4,300 4,500 4,700 
0 4 3 2 2 2 2 
5 4 3 3 2 2 2 
10 5 4 3 3 2 2 
  
Table 6  Number of wells required to inject the given amount of CO2 as a function of skin and BHP. 
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A suite of compressor pressures from the distribution network model sensitivity analysis are tabulated in 
Table 7. These results were used to eliminate the cases that did not meet a compressor pressure of 3,500 psia. 
According to the results of the reservoir model, reservoir was capable of storing the given amount of CO2 with a 
minimum of two wells. However, the distribution network model identified that the tubing configuration 
dominated the amount of CO2 that could be delivered with the given allowable compressor pressure. Based on 
the distribution network model, a minimum of three wells with 5.5-in tubing are needed to satisfy the injection 
and maximum compressor pressure requirements. In the case of 4.5-in tubing and five wells, the injection and 
compressor output requirements are met. However, the compressor pressures are comparable to those obtained 
with three wells with 5.5-in tubing, so these cases were eliminated and the 4.5-in tubing was deemed unsuitable 
for this case. For the 5.5-in tubing, the compressor pressures decreased by 700 to 1,000 psia when the number of 
wells was increased from three to five.  
 
Number 
of Wells 
Tubing 
Size, in 
Compressor 
Pressure, psia BHP, psia 
2 5.5 4,358 3,700 
2 5.5 5,193 4,700 
3 4.5 5,400 3,700 
3 4.5 6,180 4,700 
3 5.5 2,640 3,700 
3 5.5 3,410 4,700 
4 4.5 3,580 3,700 
4 4.5 4,360 4,700 
4 5.5 2,110 3,700 
4 5.5 2,651 4,500 
5 4.5 2,760 3,700 
5 4.5 3,500 4,700 
5 5.5 1,895 3,700 
5 5.5 2,318 4,500 
 
Table 7 Compressor pressures for permutations of number of wells, tubing sizes, and BHPs. 
 
As seen in Figure 1, simple reservoir and network models were built and sensitized on the set of parameters 
described in Tables 2 and 3. The results of these simulations (Tables 6 and 7) were evaluated. The case with 
three wells and 5.5-in tubing was preferred to that of five wells with 4.5-in tubing and was further evaluated. The 
single-well reservoir model was updated to a 3D reservoir model with three wells. The 3D reservoir model was 
run to account for pressure-interference effects between the wells. Pressure responses for each well were 
observed for skins of 0, 5, and 10. These pressure responses were applied to the network model to calculate the 
operational ranges of the compressor output pressures. Based on the sensitivities of skin for the scenario of three 
wells with 5.5-in tubing, the required compressor pressure range is between 2,640 and 3,410 psia, which is lower 
than the maximum allowable compressor pressure of 3,500 psia. 
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5. Conclusion 
A methodology for the integrated design of the pipeline network, the wellbore, and the CO2 storage systems was 
applied to two cases to illustrate the coupling of models for pipeline network, wellbore, and reservoir. One system, 
with a single well and a short pipeline, had the goal of identifying the operating pressure and injection interval in 
order to meet the required injection rate. In this case, the pipeline network and a single well were found capable of 
delivering the required injection rate to the storage. However, the thickness of the perforation interval dictated the 
reservoir’s intake capacity. A multiple-well case with a long pipeline had predefined maximum compressor 
pressure, pipeline configuration, and injection rate. We identified the number of wells and tubing configurations 
required. In this case, the tubing configuration dominated the compressor pressure and hence the number of wells. 
This methodology of integrated design uses simple and fast models instead of fully coupled, complex, integrated 
models. This approach helps at the early stages of projects to obtain approximate figures for parameters such as 
number of wells, pipe and tubing configurations, and operating conditions. As a result, there is a significant 
reduction in run times during the later stages of projects as the models become more complex. The workflow used in 
this study may be adapted to other projects in carbon capture and storage as well as in oilfield applications. The 
models that are built can also be incorporated into an integrated asset modeler for dynamic coupling and integration, 
typically as injection or production commences.  
  
2354 O. Senel, A. Harichandran / Energy Procedia 4 (2 11) 2348–2355
 Ozgur Senel et al / Energy Procedia 00 (2010) 000–000  
8 
6. List of symbols 
Dx cell dimensions in x-axis 
Dy cell dimensions in y-axis 
Dz cell dimensions in z-axis 
kv/kh vertical to horizontal permeability ratio 
Pfrac fracture pressure 
Pres reservoir pressure 
Psource  source pressure 
Qinj injection rate  
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